Picture archiving communication system (PACS) development turns out to be very complex. Due to both the vast amount of data and the complexity of hospital organizations, currently only small-scale systetas havs been realized. And although the experiences obtained with these systems are essential. thers is a risk for underestimating the complexity and rsquiremsnts inherent in hospital-wide PACS systems. In this papsr, it is advocated that modelling and simulation be used as tools to obtain insight into the behavLor and structurs of futura PACS systems. Modetting and simulation can also be ussd to activsly support the design of PACS. sspecially its software. In ordsr to captura the full complexity of PACS in a simulation modsl, and to tske full advantage of simulation asa design tool, the development of a new modelling method has begun. This method is based on semantic data models and decision processes, and can be used for both system analysis and design. The first systems modellad with this method were imaging procedures in a hospital and a computer network. The resulting simulation models are a direct reflection of reality, and haya a high degrse of modularity. Consequsntly, in spite of the complexity of the systems, their models ara easy to understand and maintain. 9 1990 by W.B. Saunders Company.
costs, and improved diagnostic quality by applying sophisticated image processing techniques. BAZIS (the central development and support group hospital information system) has been actively involved in the PACS field for quite some time now. To support the development of hospital-wide integrated image information systetas, in 1984 BAZIS initiated its image information system (IMAGIS) project. In close cooperation with physicians, industry, and other PACS research centers, IMAGIS focuses on PACS research and software development.
Motivation for PACS Simulation
Worldwide, the realization of PACS systems is still in its initial stages. Although the results of some first small-scale experiments are prornising, 1 the realization of large-scale systems appears to be difficult. The vast quantity of image data leads to storage problems and unacceptable waiting times. Furthermore, the changeover to clinical working methods based on digital images causes significant organizational problems. To assist in solving these problems, BAZIS decided to use modelling and simulation techniques as a means to support the taborious PACS design process. 2 These techniques are beneficial in three ways.
First, applying simulation techniques can substantially contribute to obtaining insight into a system's behavior in an early stage of its development. Without simulation, ir is difficult to foresee what the full effect of an early design decision will be with respect to the final system. This is certainly the case when considering performance issues, and ir turns out that even in the general case of information system development, a complete re-engineering is often needed ir initial behavior requirements are to be met? By building small-scale PACS prototypes, substantial feedback from practice has been obtained. A1-though this has contributed to the development of systems that have been evaluated against actual functional requirements, the performance of full-scate systems (which have yet to be built) remains to be seen. Simulation, on the other hand, is an excellent tool for extrapolating the praetical experiences obtained at small-scale experiments to a hospital-wide PACS, thereby reducing the possibility that we underestimate the assoeiated complexity and the consequences of the vast amount of data.
Second, simulation can be uscd to actively support the design of software systems, as both the software and its environment (such as users and hardware) can be reflected in a model. The model part that specifies the software can now be considered as ~i prototype version of the eventual system. By gradually replacing its components by fully developed software modules, this model part is incrementally transformed into the eventual realization. Asa last step, this realization can be transferred from its simulated to its concrete environment.
The applicability of this form of software development follows from the observation that modelling software for future PACS systems is in fact the equivalent of designing this software. For example, when modelling an image-prefetching algorithm, 4 the modeller has to specify explicitly the events in the hospital (or its information system) to which the algorithm should react, and has to design routines to handle these events. After the behavior and the effects of the prefetching atgorithm have been eva]uated by means of simulation, it can be used as a starting point in the derivation of the actual software.
Finally, the use of simulation can be extended from the design phase into the day-to-day operation of a PACS. After all, the model that has been used to predict the effect of design decisions can also be used to answer so-called "what ir" questions in the operational phase. It can actas a testbed that is easy to control and modify without affecting the users, and eliminating the need for time-consuming, expensive, and difficult realworld experiments.
Requirements on Model Construction
Building simulation models of large and complex systems such as PACS requires that attention be paid to the following aspects. First, the construction of the simulation model should be supported by formal modelling techniques, yielding consistency, completeness, and avoidance of ambiguity. Second, to manage the complexity of the simulation model, it is necessary that the model be easy to modify, reliable, and understandabte. These requirements are more easily met when the designer of the model uses software engineering principles like data abstraction, information hiding, and modularity. 5 If simulation is also to support the actual design of systems, special attention must be paid to the construction of the model itself, for this directly influenees the development of the actual system. It can be expected that this goal is more easily achieved if the model not only captures the behavioral aspects of the system, but the structural ones as well. In this case, the organization of the model will strongly resemble that of the system. In other words, the internal mechanisms and architecture of the system are reflected in a more or less direct manner by the simulation model. By manipulating simulation objects that correspond to objects in the system, system design can then be simultaneously addressed.
Unfortunately, in the field of simulation modelling, most formal techniques result in an abstract model that concentrates solely on the behavioral aspects of a system. Examples of these models often occur in the field of continuous simulation, or in those situations in which systems are modelled as queueing networks or Petri nets. 6 Although these models can be used to study the dynamics of a system, they do not capture structural aspects.
Available software engineering methods bring no relief either. Many methods support only one phase in the traditional software development life cycle. For example, many system analysis methods focus on the specification of a system's external behavior, but do not specify its internal structure (eg, what processes there should be, how their communication is synchronized, etc). On the other hand, structured design methods often emphasize the internal structure of a software system but explictly presume a requirements specification. When developing PACS, both analysis and design are essential.
On the other hand, integrated software engineering methods that do attempt to cover more phases of the life cycle have often been tailored towards a specific class of systems. For example, one can distinguish between methods for development of information systems that are centered around a data base, and methods that concentrate on real-time system development (in which system behavior plays a prominent role). Unfortunately, systems that have many different kinds of characteristics, such as PACS, often lack a suitable development method. Furthermore, existing software engineering methods head straight towards the final system realization, and are thus seen not to support the approach of design by simulation.
To summarize, in order to allow simulationbased PACS development the modelling method needs to meet two requirements. First, ir must be an integrated modelling method that supports both system analysis and design, addressing both static and dynamic aspects. Second, the method must simultaneously support the development of a system realization, and the development of a simulation model. Because existing system development methods do not meet these requirements, at BAZIS the development of a new modelling method was initiated. 7' 8
MODi=LLING METHOD

Overview and Background
Our modelling method comprises three phases. In each phase, a different means for system specification is used: semantic data models, parallel decision processes, anda programming language. A schematic representation of the modelling method is found in Fig 1. Model construction is started with identifying and structuring the data, facts and real-world components (calted objects) that playa role when considering a PACS in a hospital. Exampies of objects are radiologists, technicians, examination requests, and images. For this purpose, a semantic data modelling method has been devised.
In the arca of conceptual data base design, data models are used to express the data's logical structure and use. 9 Since the mid-1970s, semantic data models (of which the Entity-Relation- ship model is considered to be one of the first) have been proposed, allowing data base designers to think of data in ways that correlate more directly to how data actually manifest, t~ With regard to traditional data models, semantic data models provide higher level concepts by defining a more abstract level of system description. An example of such a concept is generalization, by which similar objects are abstracted into a single, higher-tevel object. The resulting so-called ISA relationships are a powerful means to express a system's hierarchical structure. Moreover, by using inheritance, properties of the general object can be passed on to the more specific objects.
Semantic data models on their own are not appropriate (nor intended) to make a simulation model of a PACS. They focus on the structure of objects, te, their static properties and relations, but do not easily allow for the notion of time to be incorporated. Therefore, special facilities have to be provided to model the dynamics of objects and the communication between objects (te, their behaviors).
In the literature, several formal techniques for modelling a system's dynamics can be found. The disadvantage of most of these methods is that the resulting models do not directly reflect the dynamtes of the real system (te, they are too far from the human conceptualization of the problem domain). Net-based formalisms such as Petri nets do improve this situation, but by nature often lack sut¡ support of a modular setup of models. A high-level formalism that does support modularity a nd hierarchical organization of models is Paradigm, ir
The Paradigm modelling method is based on parallel decision processes. The advantage of this method is that the resulting model is a highly modular map of the system studied, of its sequential components, and of their communication. Unlike Petri nets, the components ate easy to distinguish. Moreover, it is easy to adapt the model, to add or refine modules, of to add processes in order to control more complex eommunication.
Hence, succeeding the semantic data modelling method, we use Paradigm to develop a more detailed system specification. In fact, the semantic data model is partially transformed into a Paradigm model, and together with this transformation more details can be added. An important part of these details ate time aspects, since they further specify the dynamics of the system. After a PACS has been specified in terms of semantic data models and Paradigm, modelling continues in a third phase, consisting mainly of adding more details, and now using a programming language asa means for model speci¡ tion. This eventually leads to a reatization of the required simulation model. For this purpose, we are currently using the object-oriented programming language Simula, whose class construct can be used to implement both the static properties and the behavior of an object in an elegant way.
In the following sections, the semantic data modelling method and Paradigm are explained informally. For a more complete description of the method, including the transformation of system specifications, refer to Stut et al. s
Semantic Data Models
The semantic data modelling approach comprises three main structural components: objects, functional relationships and ISA relationships. Decomposition of a model into smaller parts, is supported by means of so-called fragments.
Objects. The basis of a semantic data model is formed by objects, used for modelling the components of a system. Objects are divided into passive and active objects. Passive objeets differ from active objects in that the latter display autonomous behavior. It is emphasized that the choice to modela component as either a passive or ah active object strongly depends on the modeller's view on the system. Typical examples of components that could be modelled as active objects ate patients and technicians, wbereas examinations and images may possibly be rnoddled as passive objects. In the visual representation of a model, (see Fig 2) rectangles with active objects having a doublelined side.
Functional relationships. Objects are connected or associated by means of functional relationships. These relationships are divided into activity relationships coneeptually describing dynamic properties of active objects, and passivity relationships refleeting the static properties of passive and active objects. Functional relationships are visualized as diamond-shaped boxes with activity relationships having a doublelined side.
ISA relationships. ISA relationships provide the basis for the use of inheritance. When using inheritance in the definition of an object, a designer need only specify what is new about the object in comparison with the objects from which it inherits properties. ISA relationships are visualized as follows: the rectangle representing the object that inherits properties is enclosed by the rectangle representing the object that provides these properties.
Fragments. Instead of constructing a large model containing many objects and relationships, we modela system by means of several fragments. A fragment is a semantic data model representing the view of one element on the real world (of actual system). This element can be either an object ora relationship and is called the central element of the fragment. All other objects and relationships in a fragment are denoted as virtual objects and virtual relationships, and correspond to actual objects and actual relationships respectively.
To illustrate, consider an imaginary radioiogy department at which each examination procedure is performed by a technician, after which it is authorized by, possibly, another technician. The view of the object examination on the real world could be represented by the fragment of It is important to note that different virtual objects may represent the same actual object. So, when in the above example ah examination is done and authorized by the same technician, both exec_technician and auth_technician represent this technician.
Virtual objects in the fragment of a relationship represent the (unique) role of a real world object with respect to that relationship. For each activity relationship we distinguish one speeial role, namely the role of the object that actually effectuates the relationship. This object, known as the agent object of an activity relationship, is denoted by means of a directed edge as shown in the fragment of the relationship selects of Fig 4. We can now describe fragments of objects in an unambiguous way by labelting the edge between an object anda relationship with the role that the object has with respect to the relationship (see the relationship selects in Fig 5 for ah  example) .
An example that will be used in the next section describes a radiologist at an imaginary radiology department. After an examination procedure has been performed and authorized by technicians, it is added to a report list of a radiologist. By using this report list, each radiologist knows which examinations have to be studied and reported. In 20% of the cases, the radiologist wants to have some background information about the examination procedure: in that case, the technician who performed this procedure is called. The fragment of Fig 5 represents the selector, worktist has the role of set, and examination has the tole of "element."
The semantic data models provide global information on dynamic aspects through the use of activity relationships. However, although these relationships conceptually describe activities that can be done by active objects, semantic data models do not adequately describe the actual dynamics of a system. Examples of these dynamics are the order in which activities take place, and behavior dependencies between objects. For that purpose we use Paradigm.
Parallel Decision Processes
In Paradigm, a system is modelled asa collection of decision processes which together constitute a so-called parallel decision process. Each decision process is used to model a system component that essentiatly exhibits sequential behavior. When modelling a radiology department, exampies of decision processes are radiologist, technician, secretary and patient.
A decision process has a set of states, each state reflecting the relevant properties of a system component at a particular moment. The changes that occur in a component are reflected in the associated decision process by state transitions. A decision process is represented by a digraph, in which a node represents a state, and a directed edge represents a state transition. As an example, in Fig 6 we presenta decision process for the radiologist mentioned above.
The interpretation of the sojourns in the states is (1) selecting an examination from the worklist; (2) studying the examination; (3) calling the technician who performed the examination procedure and waiting until he or she has arrived; (4) consulting the technician, and (5) making a report.
The transitions between the states are 1 87 1 the worklist is empty; 1 87 2 an examination has been selected from the worklist; 2 87 3 the radiologist wants to consult the technician; 2 87 5 the radiologist does not want to consult the technician; 3 87 3 the technician has not yet arrived; 3 87 4 the technician has arrived; 4 87 5 the consttltation has ended; and 5 87 1 the report has been made.
In each state of the decision process, a transition is selectcd. This selection may be determinis- tic, stochastic, or may depend on other system components. A deterministic selection corresponds to an unambiguous prescription of the next activity. In order to be able to modela system whose exact behavior is not known in advance, Paradigm offers a stochastic transition selection mechanism. Finally, a transition seleetion that depends on other system components is used where communication between the various model components has to be incorporated. As an example of a d eterministic transition selection, in state 4 it is only possible to continue with making a report, ie, selecting the transition to state 5. On the other hand, in state 2 the transition mechanism witl stochastically select the transition to state 3 with probability 0.20, and the transition to state 5 with probability 0.80. This reflects the behavior of the radiologist, who, in only 20% of the cases will consult a technician. states 1 and 3, the selection of a transition will depend on the availability of a next examination, and the arrival of the technician respectively. Aftera transition has been selected, a sojourn mechanism determines how long it takes before this transition takes place. This so-called sojourn time roughly reflects the time needed to perforrn the associated activity; after ir has elapsed, the factual transition takes place. For example, in state 2 for both transitions, the sojourn times refteet the time needed by the radiologist to study the examination.
When modelling a system's dynamics, the idea is not to start from scrateh, but to use its static structure as expressed by means of the scmantic data modelas a starting point, Then, the deeision processes are constructed by transforming previously established systern specifieations. The basis for this transformation is formed by the fragments of active objects, in particular, their activity relationsiaips. After the derivation of the various decision processes, their cooperation is describe& To this aim, Paradigm offers formal notions and model constructs, also in terms of decision processes. The way model construction in Paradigm takes place not only leads to a high degree of modularity, but also results in a uniforro description of system components and the communication between them. At this place, we will not go into further details of Paradigm, but refer to Van Steen 12 who demonstrates that this approach is extremely useful when modelling complex parallel systems.
EXPERIENCES
At BAZIS, simulation has been used extensively to guide the PACS development process. An example is the simulation of a prototype PACS in the Utrecht University Hospital within the scope of the Dutch PACS project. 13 In this experiment, the idea was to do all imaging procedures for patients admitted at one 15-bed ward of the department of internal medicine with PACS. To this aim, all images of these patients (also those images available in the archive) were to be entered into the PACS by means of a laser digitizer. At the department of radiology, a 6-screen workstation was installed. Furthermore, images could be studied by referring physicians at a workstation at the ward of internal medicine. The storage system of this PACS consisted of a buffer and an optical disk archive.
Before the prototype PACS became operational, simulation was used to predict its performance and to evaluate different strategies for performance improvement as illustrated by the following examples.
The simulation showed that, even for this small department, storage problems would arise. By digitizing all historical images of admitted patients, the highest memory level would constantly fill up. As an answer to this, in the simulation model, a special job was started several times a day, taking care of sending images to the archive and removing them from the highest memory level. Due to the increased image traffic, however, waiting times also increased.
The fact that all users were initially connected to the same storage unit, led to interfering image requests. The simulation showed that this interference did increase waiting times as was expected. For example, the waiting times were influenced by the digitizing of historical images. With the simulation model, we could easily determine the effect of changing the moments at which the images were digitized.
The simulation showed that prefetching (or preloading) is a prerequisite for relatively short waiting times. If we are able to identify those images that have an increased probability to be requested, these images can be sent from the archive to a higher memory level before they are actually needed, thereby reducing the delay caused by slow components such as optical disk drives. Asa result, waiting times decrease significantly.
Although the results obtained with the current simulation software have shown to be very useful, some drawbacks were also revealed. One of these was that, due to the absence of an appropriated modelling method, it became increasingly difficult to maintain our simulation models. Furthermore, we felt that PACS design did not take full advantage of simulation asa design tool. In order to answer the need for a more fundamental approach, we started research into modelling methods, resulting in the development of the new method described in this article.
In spite of the fact that the theoretical aspects of the modelling method require further research, it is already used in practice. A ¡ validation of the method has been done by modelling the working methods at the department of internal medicine of the Utrecht University Hospital. The purpose of this validation was to pass through the three phases of the method and to see whether it was applicable to a realistic situation. The results of this validation are very promising. First, the method yielded a wellstructured simulation program, in which the imaging procedures were reflected in a direct manner. Second, its use had interesting sideeffects: its formal character promoted a consistent and complete system specification. Besides, due to its high-level abstraction mechanisms, the combined use of semantic data models and decision processes turned out to be an excetlent tool to structure an organization, addressing both its static and dynamic aspects. In other words, we expect that the method can also be used at other PACS research and development activities (such as organizational studies, user interface design for workstations, and development of image management systems).
The modelling method and simulation are currently used to support the design of a PACS network. As ah alternative to the common networks, the Aachen University of Technology has conceived the fiber-optic ImNet (IMTEC Image Technology AB, Uppsala, Sweden) network. Within the scope of the hospital integrated PACS (HIPACS) project of the European Committee, the modelling and simulation of this network is done at BAZIS.
The motivation to simulate ImNet is fourfold. First, there is a lack of experience concerning the network behavior under PACS production load. Although a prototype network has br installed, itis not yet part of a PACS that is clinically used. Second, simulation can be used to optimize the configuration of networks. So, #ven a particular hospital, how can we make best use of ImNet? Without changing the principles on which ImNet is based, modifying the network may turn out to improve its performance. Third, simulation can be used to enhance our understanding of the behavior of large-scale networks, which will help in the development of future networks. Finally, the presence of a prototype network and feedback from the network developers enable the validation of the simulation model and of the modelling method.
With regard to model construction, it turns out that the use of the modelling method results in a simulation model with a high degree of modularity. After the network had been specified as a combination of semantic data models and decision processes, the implementation in Simula was a straightforward transformation. Furthermore, the fact that the model directly reflects reality increases its comprehensibility and faci[itates the communication between the modeller and the network experts. Consequently, misunderstandings regarding the network's internal mechanisms can be solved in an early stage.
CONCLUSlONS
The laborious PACS design process benefits from simulation. Several studies have demonstrated that simulation is ah excellent tool for testing hypotheses and for extrapolating experiences obtained at today's small-scale prototypes to future hospital-wide systems. Furthermore, ir special attention is paid to the construction of simulation models themselves, simulation can be used to support PACS design in an active manner. In order to capture the full complexity of PACS in a simulation model, and to take futl advantage of simulation as a design tool, we are developing a novel advanced method for model construction. This method is based on semantic data models and decision processes, and provides high-level modelling abstractions that aIlow for the construction of simulation models that ate direct reflections of reality.
